ABSTRACT: Introduction: The morphological characteristics of skeletal muscles innervated caudal to a spinal cord injury (SCI) undergo dramatic phenotypic and microvascular changes. Method: Female Sprague-Dawley rats received a severe contusion at thoracic level 9/10 and were randomly assigned to locomotor training, epidural stimulation, or a combination of the treatment groups (CB). Fiber type composition and capillary distribution were assessed in phenotypically distinct compartments of the tibialis anterior. Results: Spinal cord injury induced a shift in type II fiber phenotype from oxidative to glycolytic (P < 0.05) as well as capillary loss within the oxidative core and glycolytic cortex; the CB treatment best maintained capillary supply within both compartments. Discussion: The angiogenic response of CB training improved capillary distribution across the muscle; capillary distribution became spatially more homogeneous and mean capillary supply area decreased, potentially improving oxygenation. There is an important role for weight-bearing training in maintaining the oxidative phenotype of muscle after SCI.
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Spinal cord injury (SCI) is a traumatic life changing injury, associated with neurological impairment and paralysis of skeletal muscles that are innervated caudal to the lesion site. After some SCI, there is a dramatic atrophy of skeletal muscle in both animals [1] [2] [3] and humans. [4] [5] [6] This reduction in muscle mass is accompanied by a shift from an oxidative to a highly glycolytic, fatigable phenotype. [7] [8] [9] In addition, over a chronic time period, postinjury fiber size has been shown first to stabilize and then to return toward baseline. 10 The microvascular supply also undergoes remodeling (although this remains largely unreported), typically in the form of capillary rarefaction. This reduces the diffusive capacity to deliver oxygen and fuel to working muscles, which is correlated with impaired fatigue resistance. 10, 11 However, the lack of correlation between blood flow and muscle fatigue in SCI implicates microvascular rather than macrovascular limitations as a target for therapeutic strategies. 12 A combination of increased glycolytic phenotype, increased fiber size, and reduced capillary density (CD) contributes to the reduced functional capacity to sustain activity. These morphometric and functional outcomes are consistent across a variety of animal models and SCI in humans.
Therapeutic interventions for the recovery of locomotor function often overlook the importance of skeletal muscle. Locomotor training (TR) has been shown to ameliorate the loss in muscle mass and function in spinal cord-injured humans 11, 13 and in animals. [14] [15] [16] [17] Treadmill TR has been shown to improve microvascular supply in denervated skeletal muscle of animals, 18 a potential translational effect relevant to that of spinal cord injured muscle. Alternative therapeutic techniques include direct stimulation of the spinal cord surface (epidural stimulation [ES]), which has been shown to elicit hind limb stepping in a rhythmic, locomotor fashion in both animals [19] [20] [21] and humans. 22 An advantage of ES compared with direct or indirect muscle stimulation is that it allows a more natural, coordinated recruitment of synergistic muscle groups, 20, 23 thus inducing less muscle fatigue. 24 Although ES can effectively improve locomotor function, its ability to modulate skeletal muscle phenotype and microvascular supply has not been determined. These strategies have their own distinct adaptive benefits as stand-alone treatments, and therefore present a strong rationale for their use in a combination therapy to use the different adaptive mechanisms.
In this pilot study, we determined the phenotypic transformation of skeletal muscle in response to ES and treadmill TR as stand-alone treatments and in combination. In addition, we quantitated muscle capillary content because it is often overlooked that the microvascular supply is integral for normal muscle function. It is unknown what effect the changes in fiber area and rarefaction of the capillary bed will have on the supply capacity of the muscle. Because commonly used measures are scale dependent, we additionally used local capillary analysis to incorporate fiber area and quantitate the supply area of individual capillaries. Thus, spatial distribution of capillaries reflects the close packing of fibers with differing girth, and the resultant heterogeneity of intercapillary diffusion distances markedly affects peripheral oxygen transport. [25] [26] [27] In rodents, distinct fiber types also differ in size, such that estimates of capillary supply to individual fibers must accommodate the complex interaction of such influences; this is not possible with more traditional indices. 28, 29 In general, muscle inactivity tends to increase the area of tissue supplied by individual capillaries and to reduce capillary supply to individual fibers, both of which will reduce exercise tolerance. 25, 30 We hypothesized that the application of a single training stimulus would reduce the degree of fiber atrophy and alleviate the decrease in global and local capillary supply. We reasoned that the combination of both treatments would have an additive response and, hence, improve capacity for routine physical activity that is fundamental to quality of life.
MATERIALS AND METHODS
Ethical Approval. Twenty female adult Sprague-Dawley rats (Charles River Laboratories, Kingston, Pennsylvania) weighting 210-240 g were used. Animals were individually housed under a 12-h light/dark cycle, with ad libitum access to food and water. All animal procedures were approved by the UK Home Office and University of Leeds Animal Welfare and Ethics Committee, in accordance with UK Animals (Scientific Procedures) Act 1986.
Overview of Experimental Time Line. Briefly, animals received a severe contusion injury and implantation of epidural electrodes at day zero. Animals were then randomly assigned to experimental treatment groups: cage control (CG), TR only, ES only, or a combination of both TR and ES (CB). Training began 7 days postinjury and continued for 8 weeks. Twenty minutes of training was delivered 5 days per week by using a distributed training format: 10 min of training, 10 min of rest, 10 min of training. Animals were humanely killed 3 weeks after the end of training. Intact weight-matched controls (CT) were used to compare the effect of SCI on baseline physiological factors.
Spinal Cord Injury. Animals were anesthetized with isoflurane (5% IsoFlo; (Zoetis UK Ltd, London, United Kingdom) at 2 L/min −1 O 2 flow induction and maintained with 2.5% isoflurane throughout surgery. An incision was performed from T4 to S5, and the area around the laminectomy site was cleared of fascia and muscle. Partial laminectomies were performed at vertebral levels of the contusion (T10) and epidural implant sites (T12/13 and L2). A severe midline contusion injury was made at T9/10 31 by using the Infinite Horizon impactor (Precision Systems & Instrumentation, Lexington, Kentucky) at 250 kdyn. Immediately after the injury, chondroitinase ABC was injected into the spinal cord 1 mm rostral and caudal to the lesion through a lentiviral vector. The chondroitinase ABC gene was produced as previously described by Bartus et al. 32 and was subcloned into a lentiviral vector by Penn Vector Core (University of Pennsylvania, Philadelphia, Pennsylvania). The promotor was mouse phosphoglycerate kinase 1, 32, 33 and the viral titer was 1.51 × 10 10 genome copies per milliliter determined by real-time polymerase chain reaction. This was delivered to all groups to maximize plasticity and the effects of each treatment. [33] [34] [35] [36] Epidural Stimulation. Stimulation was delivered via stainless steel wires (AS632; Cooner Wire, Chatsworth, California) that were implanted on the midline of the spinal cord facing the dorsal aspect over segments L2 and S1. 23 The wires were secured with sutures (Ethilon 9.0; Ethicon/Johnson & Johnson Medical, New Brunswick, New Jersey) on both sides of the notch to the spinal dura. The implanted wires were subcutaneously tunneled to a skull-mounted head plug (MCS-16SS; Omnetics, Minneapolis, Minnesota) and stimulated via a stimulation (S88X stimulator; Astro-Med/Grass Instruments, Middleton, Washington) and isolation unit (SIU-V; Astro-Med/Grass Instruments). Animals were suspended in a custom-made jacket during training. Stimulation was delivered by using continuous rectangular pulses (200 μs in duration at 40 HZ with no delay) 20, 23, 37 with a voltage sufficient to activate the hind limb muscles.
Locomotor Training. All animals undergoing TR on a small animal treadmill were secured by a custom-made jacket to provide body weight support and to allow for manual manipulation of hind limbs during stepping. Body weight support was optimized for each session to facilitate stepping (judged by unhampered swing phase) and to support the trunk during progression from bipedal to quadrupedal stepping (Rodent Robot 3000; Robomedica, Irvine, California). Animals were initially trained at a speed of 7 cm s −1 ; speed was increased to 21 cm s −1 at week 4 and maintained at 21 cm s
for the remaining 4 weeks.
Tissue Preparation. Spinal cord-injured animals were killed by using a terminal dose of pentobarbital sodium 20% (Pentoject; Animalcare Ltd, York, United Kingdom), whereas intact animals were killed by cerebral concussion and cervical dislocation. Tibialis anterior (TA) muscles were dissected carefully, and a midbelly steak was snap frozen in liquid nitrogencooled isopentane. Serial cryostat sections (10 μm) were cut at −20 C, attached to poly-L-lysine coated slides (VWR International, Lutterworth, Leicestershire, UK), and then stored at −20 C until staining.
Immunohistochemistry. Muscle fiber types were distinguished by using 2 monoclonal anti-major histocompatibility complex antibodies (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, Iowa): BA-D5 for type I fibers labeled with Alexa Fluor 555 goat anti-mouse immunoglobulin G (IgG; A21422; Life Technologies, Carlsbad, California) and SC-71 for type IIa (fast oxidative, glycolytic) labeled with Alexa Fluor 488 rabbit anti-mouse IgG (A11059; Life Technologies). The remaining unstained fibers are considered to be type IIb (fast glycolytic). [38] [39] [40] Muscle fiber boundaries were labeled with an antilaminin antibody (L9393; Sigma, St Louis, Missouri) that was biotinylated against with anti-rabbit IgG (BA1000; Vector Laboratories, Burlingame, California) and labeled with streptavidin (S11222; Pacific Blue Conjugate; Life Technologies). Capillaries were simultaneously identified by using Griffonia simplicifolia lectin-1 (Vector Laboratories).
Morphometric Analysis. Two metabolically distinct regions within the TA were studied, the medial oxidative core and the lateral glycolytic cortex, by using 5 fields of interest each (0.145 mm 2 ; Supp. Info. Fig. 1 ). Global morphometric indices provide an overview of mean tissue composition. For capillary supply, this includes the numerical capillary-to-fiber ratio (C:F) and CD (mm −2 ), and, for fiber type composition, this involves fiber cross-sectional area (CSA; μm 2 ) and numerical and areal density. Subsequently, determining the local geometric tissue supply regions for individual capillaries (capillary domain area, μm
2 ) allowed fiber-specific supply area to be calculated. 25 The local capillary-to-fiber ratio (LCFR; or capillary equivalent of supply) is calculated from the cumulative intersection of domains with individual fibers, whereas the local capillary density (LCD) represents LCFR normalized for fiber CSA and, hence, represents a scale-independent supply index. Spatial heterogeneity of capillary location follows the distribution of domain area; because this is a log-normal function, an appropriate index of variance is provided by LogSD.
Statistical Analysis. All data are expressed as mean ± SEM. One-way analysis of variance was used to determine differences between groups by using Tukey's post hoc testing for individual comparison when there were significant differences (P < 0.05). Least-squares regression slopes showing the relationships between LCFR vs. CSA and LCD vs. CSA were determined for pooled data, and the significance of these slopes was calculate as described by McFarlane et al. 41 See Supporting Information Table 1 for more details.
RESULTS

Prevention of Capillary Rarefaction in SCI.
Twelve weeks of SCI resulted in a significant decrease in C:F for CG vs. CT in both the core (1.54 ± 0.04 vs. 2.14 ± 0.07, respectively, P < 0.001) and the cortex (1.27 ± 0.06 vs. 1.57 ± 0.02, respectively, P = 0.001; Fig. 1A,B) . Capillary density was also significantly decreased in the 2 regions of the TA, with no significant difference in CSA (Fig. 2) . Locomotor training had a significant decrease in C:F in the core (1.74 ± 0.10, FIGURE 1. Global angiogenic response to SCI and locomotor treatment in the TA core and cortex.Capillary to fibre ratio (C:F), capillary density (CD) and fibre cross sectional area (CSA) are provided for the core (A, C and E) and the cortex (B, D and F), respectively. *P < 0.05 vs. CT, # P < 0.05 vs. CG. Group animal numbers: CT (4), CG (4), TR (5), ES (3) and CB (4). P = 0.047) and a moderate decrease in the cortex (1.38 ± 0.03, P = 0.082) compared with CT. C:F following epidural stimulation also tended to be lower in the core (1.71 ± 0.08, P = 0.052) and the cortex (1.38 ± 0.02, P = 0.184) compared with CT. Capillary density was significantly decreased in both the core and cortex after TR and ES (Fig. 2C,D) . Combination training treatment showed a significant maintenance of capillarity, with a C:F close to that of CT and significantly higher in the core (2.03 ± 0.04, P = 0.002) and the cortex (1.50 ± 0.06, P = 0.01) vs. CG. The preservation in C:F was not mirrored in CD, whereas CSA showed a significant increase in only the cortex of CB-treated animals CB vs. CT (Fig. 2E,F) .
Fiber Type Composition After SCI. Type I fibers differed the most among groups, with ES-treated animals having significantly larger average fiber areas than CT, CG, and CB animals (Fig. 1A) . Numerical fiber type composition in the CG core showed a significant decrease in type IIa fibers compared with CT (0.20 ± 0.02 vs. 0.40 ± 0.03, respectively, P = 0.002) and an increase in type IIb (0.75 ± 0.03 vs. 0.57 ± 0.04, respectively, P = 0.038; Fig. 1B ). This shift in numerical composition was mirrored in relative fiber area, whereas there were no significant changes in mean fiber size. Locomotor training and ES both showed significant decreases in core numerical type IIa fiber composition, with slight increases in types I and IIb compared with intact animals. Combination treatment displayed similar significant decreases in type IIa numerical composition compared with CT; however, there was a significant increase in numerical and areal density for type I compared with CT and CG (Fig. 1B,C) .
Heterogeneity of Capillary Supply Area. The frequency distribution displayed a large right shift in median capillary domain area for CG animals compared with CT, 1,146 vs. 712 μm 2 and 2,111 vs. 1,203 μm 2 for the core and cortex, respectively (Fig. 3A,B) , and the shift in distribution corresponds with a significant reduction in the LogSD for the core (0.13 ± 0.004 vs. 0.15 ± 0.01, respectively, P = 0.034) and the cortex (0.13 ± 0.01 vs. 0.20 ± 0.01, respectively, P < 0.001; Fig. 3C,D) . Neither individual treatment (TR or ES) altered the capillary domain distribution in relation to CG, with equivalent median capillary domain areas across both core and cortex (Fig. 3A,B) . Capillary heterogeneity in the TR group significantly increased in the core relative to CG (0.16 ± 0.004 vs. 0.13 ± 0.004, respectively, P = 0.001; Fig. 3C,D) , whereas in the cortex both TR and ES were not significantly different from CG. The CB group demonstrated a leftward shift toward CT, with an intermediate median capillary domain area situated between CT and CG (Fig. 3A,B) . The heterogeneity of the CB group was significantly reduced in the core compared with CT, TR, and ES (Fig. 3C,D) . Distribution of fiber size is illustrated in Figure 3E ,F, and heterogeneity of fiber size (based on LogSD of fiber CSA) across TA compartments is illustrated in Figure 3G ,H. After SCI, fiber size becomes more homogeneous compared with CT in the core (0.14 ± 0.002 vs. 0.16 ± 0.008, respectively, P = 0.474) and in the FIGURE 2. Fibre type composition of the TA core.Fibre type specific changes for average fibre area (A), relative numerical density (B) and relative areal density (C). *P < 0.05 vs. CT, # P < 0.05 vs. CG, † P < 0.05 vs. CB. Group animal numbers: CT (4), CG (4), TR (5), ES (3) and CB (4). FIGURE 3. Capillary domain and fiber area distribution and heterogeneity for TA core and cortex.Frequency distribution for capillary domain areas (A,B) and capillary heterogeneity (C,D) presented as LogSD for the core (A,C) and the cortex (B,D), respectively. Frequency distribution of fiber area (E,F) and heterogeneity of fiber size (G,H) presented as LogSD for the core (E,G) and the cortex (F,H), respectively. *P < 0.05 vs. CT, # P < 0.05 vs. CG, § P < 0.05 vs. TR, † P < 0.05 vs. CB. CT, n = 4; CG, n = 4; TR, n = 5; ES, n = 3; and CB, n = 4. CB, combination training; CG, spinal cord-injured cage controls; CSA, fiber cross-sectional area; CT, intact controls; ES, epidural stimulation; TA, tibialis anterior; TR, locomotor training. cortex (0.14 ± 0.005 vs. 0.18 ± 0.005, respectively, P = 0.052). Epidural stimulation significantly decreased CSA heterogeneity compared with CT and TR animals in the core (Fig. 3G) , whereas ES, TR, and CB treatments showed a shift to a more homogeneous CSA distribution in the cortex (Fig. 3H) .
Local Capillary Supply. Local capillary-to-fiber ratio (C:F) and LCD for the major fibre types in the core compositions in the core and cortex of the TA are presented in Table 1 , and the correlation with fiber size is illustrated in Figure 4 . Local capillary supply was significantly reduced in CG compared with CT, with lower LCFR and LCD across the 3 fiber types within the core (all P < 0.02); in the cortex, type IIb showed decreased LCFR (P = 0.344) and LCD (P < 0.001). After TR, the LCFR and LCD remained significantly decreased for the 3 major fiber types in the core as well as the type IIb fibers in the cortex compared with CT, with no significant improvement relative to CG. The ES training attenuated some of the reductions in LCFR across type I and IIa fibers, whereas LCD remained significantly reduced across the core and the cortex compared with CT. The CB treatment group showed reestablishment of local capillary supply compared with CG, with similar LCFR values for both type II fibers in the core and type IIb fibers within the cortex to that of CT.
The correlative data for local capillary supply (LCFR and LCD) relative to CSA showed significant shifts across all fiber types after SCI (all P < 0.05). Epidural stimulation alone was unable to return the scaling of LCFR and LCD to levels seen in intact animals, whereas TR further disrupted the typical relationship between capillary supply area and CSA (Fig. 4, Table 2 ). The CB treatment rectified the relationship across type IIa fibers, but, although type IIb LCFR was normalized (P = not significant vs. CT and vs. CGCT), LCD was not normalized (P < 0.05 vs. CT and vs. CGCT).
DISCUSSION
There are clear differences in muscle adaptations with stand-alone and combination treatments after SCI. Epidural stimulation does not rectify the glycolytic shift seen with SCI, whereas TR appears to alleviate it. Neither ES nor TR was sufficient to evoke an angiogenic response, and fiber hypertrophy further reduced CD across the muscle. Combination treatment maintained microvascular supply near to that of intact animals across almost all measures of capillarity, whereas TR alone or ES alone did not. Locomotor training appears to have the greatest effect on CSA, resulting in a further reduction in LCD. Overall, CB treatment best preserved microvascular supply, maintaining capillary distribution near to that of intact levels, and best attenuated the SCI-induced slow-to-fast shift in fiber type composition compared with individual treatments alone.
Global Morphometrics. Regional comparisons within the TA muscle quantitated the extent of capillary rarefaction after contusion injury. This reduced number of capillaries, combined with a well maintained CSA, resulted in a 35% decrease in CD across the muscle and suggests an impaired functional aerobic capacity of the TA. Stand-alone treatments of ES or TR showed no observable changes in capillary content, whereas the hypertrophic response within the core and cortex further reduced CD. However, the combination of these training modalities was sufficient to maintain capillary supply (C:F) within both metabolic compartments of the TA, although a global hypertrophic response reduced the functionally relevant CD. The combination of treatments appears to ameliorate capillary rarefaction that result from SCI, but understanding the functional relevance of an angiogenic response cannot be inferred from the CD alone. 30 Muscles typically begin to atrophy a few days after SCI, which varies in extent depending on initial muscle phenotype and injury type. 10 The time course and degree of atrophy within SCI models differs greatly, with complete transections generating the greatest level of atrophy. 10 Oxidative fibers typically atrophy prior to glycolytic muscle fibers and normalize at different times, 1, 3 with some returning to control levels after 6-8 weeks. 1 This highlights a benefit of using the TA muscle for histological analysis because we are able to characterize metabolically distinct regions and their response within one functionally integrated muscle.
After SCI, the average CSA in our study did not differ from weight-matched intact animals. There was a clear shift in core phenotype to an increasingly glycolytic form through a reduction in type IIa fibers and increased type IIb fibers. All 3 treatment groups displayed a global hypertrophic response within both compartments of the TA. Epidural stimulation showed a transformation of type IIa fibers to type IIb fibers, with type I numerical composition being maintained. This decrease in number dramatically reduced the overall oxidative proportion of the TA core. Conversely, TR and CB better maintained oxidative composition, with higher numerical and areal densities of type I and IIa fibers. This suggests an integral role for weight-bearing training and afferent stimulation of normal locomotion to maintain oxidative phenotype.
Our data may suggest that microvascular rarefaction may precede changes in muscle fiber area; however, the chronic nature of this work means it is unlikely. It is more likely that, at the acute stage of injury, skeletal muscle atrophy precedes some microvascular change because a decreased fiber area (A,B) , type IIb fibers in the core (C,D), and type IIb in the cortex (E,F). Lines represent least-squares regression fitted to all data points; note the deviation from normal allometric scaling with TR. CT, n = 4; CG, n = 4; TR, n = 5; ES, n = 3; and CB, n = 4. CB, combination training; CG, spinal cord-injured cage controls; CT, intact controls; ES, epidural stimulation; LCD, local capillary density; LCFR, local capillary-to-fiber ratio.
would result in an increased CD. 42 The skeletal muscle, in turn, would become capable of supplying excess oxygen and fuel, and hence drive the pruning of capillaries. Finally, the normalization of CSA would further reduce microvascular density.
Local Capillary Supply. Heterogeneity in capillary spacing differs greatly between the 2 compartments of the TA, with the core having a lower average capillary domain area and narrower distribution, 30 conditions known to optimize oxygen diffusion. 26 The summed proportion of capillary domains normalized to fiber area (LCD) demonstrates that local capillary supply is higher in oxidative fibers than glycolytic, 28 irrespective of fiber size, [27] [28] [29] in CT animals. Capillary rarefaction induced by SCI decreases local capillary supply and appears predominantly to target oxidative fibers (35% decrease in LCFR of type I and IIa fibers, whereas type IIb decreased 30%), generating an overall lower LCD than that seen in intact mixed muscle phenotypes. 27, 29 The decreased heterogeneity of the capillary domains is, in part, linked to the increased homogeneity of the fiber area. Through normalization of fiber area and selective rarefaction of the microvasculature, the muscle preserves a homogeneous LCD, irrespective of fiber type, deviating from natural metabolic influence of muscle phenotype.
In contrast, apparent rarefaction of capillaries across the TA of epidural-stimulated animals was not accompanied by a significant decrease in capillary supply heterogeneity, despite a more homogeneous fiber size distribution. The global effect of ES across the TA was to reduce LCD further for glycolytic fibers compared with CG animals. Locomotor training increased capillary domain area across both the core and cortex and maintained a normal level of heterogeneity of capillary distribution and fiber size within the core, despite a severe rarefaction. Maintaining spatial heterogeneity retained the normal allometric relationship of LCD for oxidative fibers, but the significant hypertrophy of glycolytic fibers further reduced the proportion of oxygen supply by individual capillaries to levels below that of SCI animals.
The simultaneous application of ES and TR proved to be the most effective in inducing structural remodeling that would favor improved oxygen transport kinetics. Through maintenance of an oxidative phenotype and targeted angiogenesis, the combination therapy was sufficient to shift the distribution of capillary domains closer toward intact levels, reducing average domain area while simultaneously decreasing heterogeneity of supply. The combination strategy increased LCFR across all fiber types compared with SCI animals, preserving the LCFR to near intact levels.
Under normal physiological conditions, capillary spacing heterogeneity is similar across different muscle phenotypes and across a variety of species. This is likely to be a result of local feedback from individual fibers, to optimize diffusive oxygen supply to meet demand. 25 When an increase in heterogeneity is seen, it suggests dissociation between signals regulating capillary rarefaction and alteration in fiber composition, suggesting no functional benefit in terms of diffusive capacity. Both interventions that contained load-bearing elements maintained near normal fiber heterogeneity, which interacts with microvascular remodeling to optimize peripheral O 2 transport. A combination of ES and TR maximizes this beneficial outcome. Limitations. While adopting local capillary supply indices improves data resolution to maximize output from extensive and costly experimental interventions, it is possible that observed trends (e.g., change in CSA, fiber, and capillary heterogeneity) may prove to be statistically significant on further replication. In addition, the nature of the interventions makes it difficult accurately to weight match across groups; however, the adopted indices will minimize any scale dependency. Microvascular remodeling may be indirectly stimulated by muscle regeneration, or interventions may directly improve microvascular supply; the ambiguity of some indices used to quantify microvascular response to therapeutic interventions is well known. 30 The rationale for adopting less commonly used metrics reported in this paper is that quantitating multiple indices, allowing for varying influences on microvascular supply, provides a better position from which to identify potential drivers of remodeling.
Finally, this study describes treatment of an animal model of SCI, and implications for the care of human patients with SCI may be questioned. However, this approach allows some mechanistic insight and testing of alternate therapeutic strategies that are not feasible with human participants. For fundamental biological processes, the translatability of findings has been demonstrated to be robust (e.g., we have established common principles of angiogenesis using mice, rats, horses, and humans). 43 Our conclusions regarding the benefit of weight-bearing training during rehabilitation to ameliorate muscle dysfunction after SCI should, therefore, be of interest to the clinical community.
In conclusion, exercise tolerance is heavily influenced by enzymatic oxidative capacity and the microvascular delivery of essential substrates. It is therefore important to assess both oxygen demand and supply to gain an integrative perspective on the skeletal muscle response to SCI. Although individual treatments increased the heterogeneity of muscle capillary supply, the dramatic uncoupling between fiber area and local capillary supply suggests a reduced efficiency to deliver oxygen to the periphery compared with that of SCI animals. However, combination therapy showed the most promising adaptive remodeling, improving the capacity to deliver oxygen through increasing homogeneity of capillary supply rather than increasing density of the microvascular network. It may be that, during pathological remodeling and rarefaction in SCI, the local capillary supply becomes tightly coupled to oxidative capacity, matching supply to demand, in contrast to the relationship seen in intact muscle. 44 Ethical Publication Statement: We confirm that we have read the Journal's position on issues involved in ethical publication and affirm that this report is consistent with those guidelines.
